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ABSTRACT 
 
 
 
 
This monograph book presents the design of digital fuzzy logic controller (FLC) 
processor and its implementation on a Complex Programmable Logic Device 
(CPLD). The FLC processor is modeled and designed using Very-High-Speed 
Integrated Circuit (VHSIC) Hardware Description Language (VHDL). The 
modeling, simulation and configration on the CPLD device is made using a 
software tools (integrated development environment – IDE) from Altera i.e. 
MAX+PLUS II. The book proposes the two-input single-output Programmable 
FLC with parallel architecture. The Programmable FLC can be programmed in 
terms of its 6-input membership functions and forms, 9-rule of the fuzzy 
implication or inference, and its 3-output singleton consequences. Thus this FLC 
processor can be applied for wide-range control applications. The FLC circuit is 
implemented on EPF10K70RC240-4, a FLEX10K CPLD device from Altera 
containing over 70,000 logic gates. The implementation result shows that it 
requires 98 % of total logic cells on the device. In-circuit testing presents that the 
FLC processor can be operated at clock frequency of 1.573 MHz. Using six-
stage datapath pipeline latency, input-output operation delay time is about 3.1786 
s. 
 
Keywords: Fuzzy Logic, Fuzzy Logic Controller Circuit, Fuzzy Processor, 
CPLD, VHDL 
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PREFACE 
 
 
This monograph book is dedicated to the development and implementataion 
of science and engineering technology particularly in Indonesia, and generally in 
international electrical engineering society. This book is also dedicated to 
engineers who love circuit implementations of the controllers – high-speed 
systems that suitable to handle real-time control application problems. 
The boom of fuzzy logic utilization in a large number of engineering 
problems brings my idea to explore the fuzzy logic. A huge number of electronic 
appliances have employed the fuzzy logic as a problem solver of the control 
problems. Fuzzy logic has open to markets. For massively electronic equipment 
products, fuzzy hardware seems to be an ideal solution to touch economical 
values.  
This book consists of six chapters and complemented with four appendixes. 
The brief descriptions of the chapters and appendixes are exhibited in the 
following paragraphs. 
Chapter 1 gives introduction to the book outlining fuzzy logic systems. 
This chapter also covers the background of the topics, the objective of the 
research, problem formulations and the scope of the topic, research methodology 
as well as the systematic of the monograph. 
Chapter 2 provides the basic explanations of fuzzy logic including the 
overview of fuzzy logic implementation, basically brief theory of fuzzification, 
fuzzy inference rules, and defuzzification processes. The last section covers the 
possible structure of the fuzzy logic systems in control applications. 
Chapter 3 covers the design of the fuzzy logic controller (FLC) circuit. 
The design of Non-programmable FLC precedes the design of Programmable 
Nine-rule FLC structure. The simulation results of the Programmable FLC are 
also exhibited. 
Chapter 4 discusses the implementation of the Programmable FLC 
Processor on a CPLD/FPGA chip. The usage of FLEX10K PLD device 
resources of Programmable FLC is discussed. The pin assignment of its I/O 
nodes on the FLEX10K device is also described. 
vi 
 
Chapter 5 presents the in-circuit testing of the Programmable FLC 
Processor, including functional, timing behaviors, and programmability testing 
on the PLD device. The compilation result of the VHDL code of the FLC 
processor is uploaded into the PLD chip, and then it is tested with selected test 
vectors (test pattern generation). 
Chapter 6 concludes some general aspect regarding fuzzy theory and 
implementaion, the research works and proposes further works related to 
development of fuzzy logic systems. The real plant applications of this proposed 
digital FLC is not included in this manuscript. This further work is an interesting 
work that is open to future research. 
This book is complemented with four appendixes, which are described as 
follows: 
1. Appendix A provides VHDL source code for FLC processor . 
2. Appendix B provides table and diagram for in-circuit testing.  
3. Appendix C describes the overview of the FLEX10K device, and  
4. Appendix D describes features of UP1X development board containing the 
FLEX10K device.  
5. Appendix E shows the implementation data using Flex10K device. 
6. Appendix F presents the logic gate synthesis of some components in the 
digital fuzzy logic processor using a CMOS standard-cell technology. 
 
We hope that this monograph book will motivate my students in electrical 
engineering and information technology departement, Universitas Hasanuddin in 
particular, as well as all student all over the world in general, to learn about 
digital implementations of theoretical concept  and to practice their knowledge 
with patient.  
 
Gowa / Makassar, December 2015 
 
Faizal Arya Samman 
 
vii 
 
ACKNOWLEDGEMENT 
 
 
We acknowledge to all persons who help me complete this book. I gratefully 
acknowledge:  
 Dr. Eniman Yunus Syamsuddin for his continuous supervision and 
supporting me to present our papers related to this research topic on several 
national and international conferences.  
 All staff and colleagues in Department of Electrical Engineering, Post-
Graduate Program and at Inter-University Research Center (PAU – Pusat 
Antar Universitas) on Microelectronics, Bandung Institute of Technology 
(ITB) for helping and adminstrative supporting during my research stay. 
 My brothers: Zulfikar Adijana Samman, Tajul Arifin Samman, and my 
sisters: Azmi Adiarti Samman, Aida Mardiah Samman, and Yuyun Zulaena 
Samman for loving and supporting me to do the best things for our family.   
 My Family, my wife Wahyuni for being part of my life with love and 
attentions, and my childreen Syifa Marabintang Samman, Imam Manggarai 
Samman and Alya Deapati Samman for being patient to have a busy father. 
 My Father Djamaluddin Samman Daeng Mattarru’ for continuous supports 
during my educational life.  
 My lovely Mother Sitti Aisyah Ende Daeng Talele for always love me. 
 
The last but not least, Thanks God – The Great Lord of the universe for great 
love and life, creating all things between Heaven and Earth.  
 
 
 
 
 
 
 
 
 
viii 
 
 
ix 
 
CONTENTS 
 
 
 
 
ABSTRACT …………………………………………………………. iii 
AUTHOR’S BIOGRAPHY.................................................................. iv 
PREFACE ………………………………………………………….... v 
ACKNOWLEDMENT ........................................................................ vii 
CONTENTS ……………………………………………………….... ix 
CHAPTER 1 :  INTRODUCTION …………………………………. 1 
1.1. THE BACKGROUND ……………………………….. 2 
1.2. THE PROBLEM FORMULATION ............................ 3 
1.3. THE OBJECTIVES …………………………………… 3 
1.4. THE CONTRIBUTION …....................………………. 4 
1.5. THE SCOPE OF THE TOPIC ………….……………. 5 
1.6. THE RESEARCH METHODOLOGY ……………….. 5 
 
CHAPTER 2 : FUZZY LOGIC CONCEPT ..................................... 9 
 2.1. OVERVIEW OF FUZZY LOGIC  
  IMPLEMENTATION ………..................................…... 10 
 2.2. FUZZY LOGIC THEORY …........…………………… 12 
 2.2.1. Fuzzy Sets and Fuzzification ……………………….. 13 
A. Fuzzy Linguistic Terms …………………………… 14 
 B.  Membership Function and Fuzzification …………. 14 
 2.2.2. Fuzzy Reasoning and Rule of Inference ……………. 16 
 2.2.3. Fuzzy Composition and Defuzzification …………… 19 
A. Fuzzy Composition ……………………………….. 19 
B. Defuzzification ……………………………………. 20 
 2.3. FUZZY LOGIC IN CONTROL APPLICATIONS ...... 23 
 2.3.1. Fuzzy Logic Control Application Structures ……….. 25 
 2.3.2. Fuzzy-PID Control Applications …………………… 27 
 
CHAPTER 3 : DESIGN OF FUZZY LOGIC CONTROLLER ..... 33 
 3.1. NON-PROGRAMMABLE ARCHITECTURE ……… 34 
 3.1.1. The Nine-Rule Architecture ……………………….... 34 
 3.1.2. The Twenty-five-Rule Architecture ………………… 36 
 3.1.3. Word-Representations of the Inputs-Output  
 Universe of Discourse ………………………………. 38 
 3.2. THE PROGRAMMABLE ARCHITECTURE ……….. 40 
 3.2.1. Flexible Fuzzification Modules …….............………. 43 
 3.2.2. Flexible Fuzzy Inference Modules …............………. 45 
 3.2.3. Flexible Defuzzification Modules ….............……….. 47 
x 
 
 3.2.4. Programmable Memories for Stroring FLC  
  Parameters …................................................................... 49 
 3.2.5. Simulation Results ………………………………….. 51 
A. Functional Simulations ……………………………. 51 
B. Timing Diagram Simulations …………………….. 61 
 
CHAPTER 4 : IMPLEMENTATION ON A PROGRAMMABLE 
    LOGIC DEVICE  …..........................……………… 67 
  4.1. RESOURCES USAGE ………………………………. 67 
  4.2. PIN ASSIGNMENT ...……………………..…………. 71 
 
CHAPTER 5 : IN-CIRCUIT TESTING …………............………... 87 
 5.1. TESTING STRATEGY……………………………….. 88 
5.2. AT-SPEED TESTING ……………..…………………. 91 
5.3. TESTING RESULTS……………............……………. 93 
 
CHAPTER 6 : CONCLUSIONS ……………………………………105 
 6.1. GENERAL CONCLUSIONS ON THE FUZZY 
  SYSTEMS ..................................................................... 105 
6.2. CONCLUDING REMARKS ON THE FUZZY  
  HARDWARE DESIGN ON CPLD/FPGA 108 
6.3. FUTURE WORKS ……………………………………111 
 
REFERENCES ……………………………………….……………. 117 
 
APPENDIX A : VHDL SOURCE CODE OF THE FLC …........ 121  
 
APPENDIX B :  DIAGRAM AND TABLE FOR TESTING ......  133  
 
APPENDIX C :  ALTERA FLEX10K CPLD DEVICE …...….. 149   
 
APPENDIX D : ALTERA UP1X BOARD ……………....…… 157 
 
APPENDIX E : THE IMPLEMENTATION DATA ……....…… 171 
 
APPENDIX F : LOGIC GATE SYNTHESIS OF FUZZY LOGIC 
  COMPONENTS USING CMOS  
  STANDARD-CELL TECHNOLOGY.............. 185
  
   
 
105 
CHAPTER 6 
CONCLUSIONS 
 
 
6.1. GENERAL CONCLUSIONS ON THE FUZZY SYSTEMS 
1. Fuzzy logic has been widely used in many applications. Fig. 6.1 
summarizes its (potential) application classifications. 
 
Home
Appliances
Industrial 
Processes
Agro-
industries
Auto-
motives
Medical
Rice Cooker
Microwave oven
Vacuum cleaner
AC
Washing Machine
Drier
Refrigerator
Cement Kiln
Distillation
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Green-house
Cold storage
(climate control)
Automatic     
trasmission
Fuel injection
Idle-Speed control
Cruise control
Others
Robotics, Communications,
Transportations,
Bussiness and Management
Drug  administration
Intensive Therapy
Blood-pressure control
Anasthesi
 
Fig.6.1. Fuzzy logic potential applications. 
 
2. The implementations of FLC can be divided into two main groups: 
software and hardware approaches (see Figure 1). The software 
approach has problem in low-speed execution time. The FLC 
hardware has high-speed execution, thus it is suitable for real-time 
control applications. Fig.6.2 presents the options to implement 
fuzzy logic processor. 
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Fig.6.2. Options for fuzzy logic implementations. 
 
3. The first fuzzy chip was reported in 1986 at AT&T Laboratories 
(Murray Hill, NJ). Since then many different approaches have been 
suggested. Depending on the design technique employed, fuzzy 
hardware are classified into two main groups: digital and analog. 
Table 6.1 shows the advantages and disadvantages of both design 
classification. 
4. Due to the programmability feature and other features described in 
Table 6.1, digital fuzzy hardware is preferrable. Digital hardware 
implementation can be implemented using programmable logic 
devices such as Complex Programmable Logic Device (CPLD) and 
Field Programmable Gate Array (FPGA), or using Application-
Specific Integrated Circuit (ASIC) design approach. For labor-based 
experiments, digital hardware implementation on CPLD/FPGA is a 
good option because of the design flexibility and low cost research 
and development. This approach has been also described intensively 
in this book. However, for mass productions, e.g. in embedded 
applications, ASIC design approach is the better option, because of 
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the high-volume low fabrication cost that can make better return-on-
investment. 
 
Table 6.1 The advantages and disadvantages of the fuzzy hardware 
design approach. 
 
ANALOG HARDWARE DIGITAL HARDWARE 
 Less Silicon Area  More Silicon Area 
 Faster, no clock 
synchronization 
 Slower, due to larger logic 
area and clock 
synchronization 
 Sensitive to noise and aging 
problem 
 More reliable and noise 
tolerant 
 Reconfiguration is not easy  Reconfiguration is easy 
(programmable) 
 Integration with general 
digital equipment requires 
extra interface 
 Better compatibility for 
integration to existing digital 
equipment 
 Simple implementation (no 
need for ADC/ADC) 
 ADC/DAC is required for 
application 
 
Fig.6.3 presents and again summarizes the fuzzy logic hardware 
implementation with relationship with the references used in this book. 
Mixed-signal analog and digital is also another option to design the 
fuzzy hardware, which potentially combines the advantages of the 
analog and digital design approach. 
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Fig.6.3. Fuzzy logic hardware implementation classification with the 
references relation. 
 
 
6.2. CONCLUDING REMARKS ON THE FUZZY HARDWARE 
DESIGN ON CPLD/FPGA 
 
The Programmable Fuzzy Logic Controller (FLC) Circuit have 
been designed and implemented on Complex Programmable Logic 
Device (CPLD) chip. The in-circuit verification of the FLC processor 
has also undertaken using UP1X Education board from Altera 
Corporation containing FLEX10K device, which has over 70,000 free-
programmable logic gates. The compilation result using MAX+Plus II 
software from Altera has reported that the Programmable FLC consumes 
about 98 % of total 70,000 logic gates on FLEX10K device as shown in 
Table 4.1 in Section 4.1 of Chapter 4. 
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The timing analysis of the Programmable FLC processor has been 
reported in Registered Performance Analysis, which analyzes registered 
logic, determining the performance-limiting delay, minimum Clock 
period, and maximum Clock frequency for the project. The timing 
analysis result shows that the maximum preferred clock is 1.44 MHz or 
minimum period is 692.6 ns as shown in Table 3.7 in Chapter 3. 
The results of in-circuit verification and at-speed testing show that 
the FLC processor can be operated at maximum clock frequency of 
about 1.573 MHz, or minimum period of 0.6357 s. Using six-stage 
pipeline datapath, the Programmable FLC provides input-output delay 
time of about 3.1786 s. See Table 5.1 in Section 5.2 of Chapter 5. 
It seems that there is a different between the results of registered 
performance simulation and in-circuit verification. Registered 
performance analysis gives suggested maximum working frequency of 
1.44 MHz. While in-circuit verification result provides empirical prove 
that the Programmable FLC processor can be operated at 1.573 MHz. 
However, we prefer to maximum working frequency of 1.573 MHz 
(empirical prove). But certainly, for the save of operation, operating the 
FLC with frequency of 1.44 MHz, or quite below is a wise decision.    
The speed of data sampling into PREG1 and PREG2 is not a vital 
concern except that the Programmable FLC is working in systems with 
on-line update reconfiguration. In at-speed testing, the FLC processor is 
programmed with 393.353 kHz. It seems that it requires about 25x2.542 
s=63.55 s to program it (25 refers to number of membership 
parameters in PREG1), with assumption that PREG1 and PREG2 are 
programmed in parallel. 
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 As a matter of fact, the FLC processor can be programmed quite 
faster than 393.353 kHz. Nonetheless, at-speed-testing experiment 
shows that there is setup/hold problem in generating the bit-vector on 
the chip for faster frequency. Thus, the FLC can be programmed in 
much less than 1 second to make the FLC processor being completely in 
new configuration. 
At last, the features of the proposed Programmable FLC processor 
are summarized in the following points. 
1. The FLC processor is programmable in term of its input 
membership function shapes and forms, fuzzy rules set, and output 
fuzzy singleton consequences. Thus it can be suited for wide-range 
control applications. 
2. The FLC processor evaluates the fuzzy information in parallel. It 
operates at maximum clock frequency of 1.573 MHz. However, 
maximum clock frequency of 1.44 MHz can be considered for the 
save of operation. 
3. The FLC processor uses six-stage datapath pipeline latency. Thus 
with its maximum working frequency, the minimum input-output 
delay time is about 3.1786 s. Thus it can be suited for very-high-
speed real-time control applications. 
4. The FLC processor can be applied in controller systems, which 
required to be up-dated on-line. In in-circuit verification shows that 
the time required making the FLC processor being completely in 
new configuration could be about 63.55 s. 
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6.3. FUTURE WORKS 
 
There are many future works that could be done to increase the 
scopes of this manuscript. One of the interesting works for future 
investigations is the implementation of the FLC processor on real-plant. 
Many fuzzy logic controller circuits have been successfully applied to 
some home appliances and industrial electronics equipment. And its 
commercial products have affected engineering costs of a company to 
build simple logical control systems. 
In implementing the digital controller circuit on real-plant 
applications, there are some components that should be considered for 
setting entire system configurations. Those components are as follows: 
1. Sensor. It is used to convert physical states from the plant being 
measured to be electronic signals.  
2. Sample-Hold Circuit. It is used to sample and hold data being 
processed by FLC processor. 
3. Actuator. It is used to convert electronic signals resulted by FLC 
processor into physical actions. 
4. Analog-to-Digital Converter (ADC). It converts analog signals into 
digital signals for FLC processor input. 
5. Digital-To-Analog Converter (DAC). It converts digital signals into 
analog signals. 
6. Signal Conditioning Equipment. It is used to change raw signals 
into ready-processed signals by amplifying or attenuating signals 
form sensors or to actuators. 
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Fig.6.4 presents an application diagram example of the digital FLC in 
cold storage of a ware house. The digital FLC is used to control the 
temperature and humidity of the storage. A motor cooler is used to 
actuate the temperature and humidity. The figure shows also some 
required components as mentioned before. 
 
 
 
Fig.6.4. An application diagram example of the FLC in cold storage of a 
ware house. 
 
In implementing the FLC in real-plant, it is possible to design 
dedicated application board for certain control application. There are 
two proposed approaches for developing a fuzzy board. They are 
described in the following paragraph. 
Nonlinear model 
to be identified 
Motor model 
Analog 
control 
signal 
Digital 
control 
signal 
Digital Fuzzy 
Controller 
Error of hum 
Error of temp 
Humidity 
Temperature 
DAC ADC 
Cold Storage 
Ware house 
Motor 
Cooler 
Amp 
  
Set Point of 
temp., humid. 
1sT
K
M
M

 
  
CHAPTER 6: CONCLUSIONS  
 
113 
 
 
 
Fig.6.5. An example diagram of application setup with EEPROM to 
store knowledge base information. 
 
 
The fuzzy board developed with EPROM (Erasable Programmable 
Read Only Memory) to store knowledge base information. This 
application setup is shown for example in Fig.6.5. The EPROM should 
be completed with clock generator to synchronize the writing process of 
the programming information into PREG1 and PREG2. This EPROM 
contains data for knowledge base information, i.e., membership function 
parameters and fuzzy rules configuration data. The EPROM should be 
programmed with knowledge base information before attached and used 
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in the fuzzy board. The EPROM can be reprogrammed with different 
knowledge base information if the fuzzy board is then applied for 
different targeted control applications. 
 
 
 
Fig.6.6. An example diagram of application setup with GUI. 
 
The development of fuzzy board interfaced with a personal 
computer (PC). The fuzzy chip could be programmed via serial or 
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parallel communication port. Therefore it requires communication 
protocol to provide link between fuzzy chip and PC. The PC is equipped 
with software with interactive graphical user interface (GUI). This 
application setup is shown for example in Fig.6.6. The users can 
program the FLC chip via that interactive GUI. In this mode, it is 
available for users to monitor the fuzzy knowledge base information 
data that had been programmed into PREG1 and PREG2. The 
Programmable FLC can also send feedback signals to PC if the circuit 
gives unnecessary and failure responses. 
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Reconfigurable Digital  Fuzzy Logic Control 
Processor on Programmable Logic Device 
This book covers a technique to implement fuzzy logic theory into a real digital hardware, 
especially into a programmable logic devices such as CPLD or FPGA. The implementation 
is made on a PLD device from Altera. The reader will get information on how to write 
VHDL codes to design the fuzzy logic control (FLC) processor hardware architecture and its 
modular components, including to enable programmability feature of the FLC processor. 
The designed fuzzy processor can be programmed or reconfigured in terms of its member-
ship function forms, fuzzy inference rules and defuzzification rules.   
 
This book presents also techniques to test the functionality and performance of the fuzzy 
processor on the programmable device. The readers will find this book as a useful literature 
because from this book they will learn not only the fuzzy concept or theory, but also its cir-
cuit model in VHDL and its digital implementations on a CPLD/FPGA chip. The VHDL 
model  of the FLC processor is synthesizable, and therefore, can also be implemented further 
to be an Application-Specific Integrated Circuit (ASIC) by using a CMOS standard-cell 
technology. 
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